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ABSTRACT
The inner nuclear layer of the mammalian retina contains the cell bodies of the amacrine, bipolar
and horizontal neurons. About 90% of the amacrine neurons are glycinergic and GABAergic and
marked by the expression of the vesicular inhibitory amino acid transporter, VIAAT. By contrast,
the phenotype in horizontal inhibitory neurons vary among different mammals. In the primate
retina, experimental evidence suggests the absence of VIAAT and hypothesizing that GABA could
be released by efflux through the GABA transporters. On the other hand, in rodents, the horizontal
cells express the VIAAT and carry out vesicle-dependent GABA release. Although the retina cells
have been extensively studied, the precise inhibitory repertoire of horizontal cells is not yet fully
elucidated. In this study, we provide additional evidence of the GABAergic phenotype of
horizontal cells in the mouse retina by using transgenic technology. Immunostaining of retinal
sections from a transgenic line that expresses EGFP under the GAD67 promoter suggest that adult
horizontal cells are devoid of GAD67 but contain GAD65. In addition, analysis of sections from a
mouse expressing ChR2-EYFP under the VIAAT promoter clearly label horizontal and amacrine
cells. Undergoing work will better define a GABAergic character of mouse horizontal cells and
contribute to the understanding the basic chemo- architecture of the rodent retina.
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INTRODUCTION
The central nervous system (CNS) is essential to living organisms. An important structure found
within the CNS is the eye. The eye performs a various number of essential functions which are
done by structures such as the cornea, iris, lens vitreous humor and the retina, allowing for primary
functions of vision. Such functions allow for the gathering of information from our surroundings.
The tissue of interest to be studied is the mammalian retina. The retina is composed of several
layers of neurons that are interconnected by synapses (Kolb, H., 1970). There are three main cell
layers in the retina: photoreceptors, which are light-sensing cells and this layer is composed of
rods and cones. These cells convert light into signals that are sent to the brain. Bipolar cells, that
are types of neurons which have two extensions (axon and dendrite), are specialized sensory
neurons for the transmission of special senses like the sensory pathways that contribute to smell,
taste, hearing and vestibular functions (Martin, J. H., 2012). The following layer contain ganglion
cells which are output neurons that collect information from bipolar cells and have two
intermediate layers: the horizontal and the amacrine cells. The horizontal cells provide inhibitory
feedback to the photoreceptors, and the amacrine cells provide output from bipolar cells. It has
been well established that amacrine cells are the most diverse class of neurons with many subtypes
of cells. There are a variety of major inhibitory neurotransmitters and neuromodulators in the
amacrine cells such as Glycine, 𝛾-aminobutyric acid (GABA) and dopamine (DA), acetylcholine,
respectively. Amacrine cells contribute to Glycinergic and GABAergic inhibition of bipolar cells
that transmit signals from the photoreceptors to the ganglion cells.
Inhibitory and Excitatory Neurotransmission
Neurons transmit signals throughout the nervous system by carrying chemical signals across a
synapse to target cells, allowing for communication. At a chemical synapse, the identity of a
1

neurotransmitter is characterized by its presence, release, and its postsynaptic presence of specific
receptors (Purves, D., Augustine, G. J., & Fitzpatrick, D., 2019). There are two types of
neurotransmitters: excitatory and inhibitory neurotransmitters. The excitatory transmitters
generate action potentials as signals in the neuron which receives it. One widely known amino acid
neurotransmitter in the central nervous system is Glutamate, which are regulated by receptors such
as NMDA and AMPA receptors. On the other hand, G-protein coupled receptors help activate
intracellular signaling pathways following glutamate binding, which allows them to modulate
synaptic transmission by regulating the activity of ion channels. Oppositely, inhibitory transmitters
decrease the likelihood a neuron will fire an action potential. The main inhibitory neurotransmitter
in the brain is GABA and the main inhibitory neurotransmitter in the spinal cord is Glycine. When
GABA attaches to the GABA receptor, it reduces the activity of the neurons to which it binds,
inhibiting the nerve transmission in the brain. Glycine is released from nerve endings in a calcium
dependent character. The action of glycine is terminated by the reuptake of the sodium chloride
dependent transporters.

Retina Anatomy
The retina is a layer of tissue that is located in the back of the eye, with a thickness of about 0.5
mm. The retina is connected to the brain through the optic nerve, that is composed of a bundle of
nerve fibers or axons of retinal ganglion cells, carrying nerve impulses formed by the retina. The
various cellular layers found in the retina give electrical signals to the brain, interpreting such
signals as images. The outermost layer of the retina is the pigmented epithelium, followed by the
photoreceptor cell layer. Photoreceptors capture light and convert this into electrical signals
through rods and cones. Rods convert photons into chemical signaling, functioning at low light
2

levels. Cones are activated with high levels of light, responding to various wavelengths, perceiving
color. The outer nuclear layer (ONL) contains cell bodies of the rods and cones. The next layer is
the outer plexiform layer (OPL), which contains neuronal synapses between photoreceptor and
other cells found in the segments of the ONL (Kolb, H. 1970). The inner nuclear layer (INL)
consists of tightly packed cell bodies of intermediate neurons (Dowling, J. E., & Boycott, B. B.,
1965), where Muller cell bodies sit. This layer contains the horizontal cells, that are connected
laterally to the rods and cones. These interconnecting neurons inhibit activity of neighboring cells,
by regulating input from the photoreceptor cells and providing inhibitory feedback to rods and
cones. Such cells lack an extension that resembles an axon because they only have dendrites,
however, some of these dendrites are presynaptic, therefore, they play the role of an axon.
Horizontal cells are responsible for allowing eyes to adjust to different light conditions; in the
absence of light glutamate is released from photoreceptors, causing a depolarization of horizontal
cells and in turn hyperpolarizing photoreceptors nearby. In the presence of light, photoreceptors
release less glutamate, causing horizontal cells to be hyperpolarized, this then causes the
depolarizing of photoreceptors nearby. This creates a negative feedback from horizontal cells to
photoreceptors. The exact mechanism by which depolarization of horizontal cells hyperpolarize
photoreceptors is not fully elucidated and remains uncertain. The INL also contains amacrine cells.
These cells are inhibitory neurons that serve to integrate, modulate and interpose a temporal
domain to the visual message presented to the ganglion cell (Bloomfield SA, 1992). As horizontal
cells, amacrine cells lack an axon, however, they have synaptic input and output similar to those
of dendrites. This is a unique feature that allows a single neuron to act as multiple. Following this
layer, is the inner plexiform layer (IPL), which consists of dense fibrils formed by dendrites of
ganglion cells and cells from the INL. The ganglion cell layer contains ganglion cells that process
3

the visual information and transmit such information to the brain through their axons. This layer
also contains displaced amacrine cells that do not project to the optic nerve.

Figure 1: The eye and basic anatomy of the mammalian retina. The main cell types in the three
layers of the retina. Created with biorender.com
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Communication between the brain and the retina
The visual pathway that mediates perception and controls eye movement originate in the retina
(Martin, J. H., 2012). The understanding of visual processing and cognitive functions in the brain
begin with communication at the cellular level between the eye and the brain. Connecting
pathways from the visual system to the brain begins with light signals that are captured in the
retina. Nerve fibers travel in the optic tract to different parts of the brain, more specifically to the
lateral geniculate nuclei, forming in the thalamus. The LGN is the relay station for visual input to
the cortex where signaling from the retina is then processed. For this visual information to be
processed in the brain, the axons in the different populations of ganglion cells in the retina project
through the optic disk, continuing fibers move along the optic nerve which is directly attached to
the retina. These fibers move through the optic chiasm and the optic tract, where they cross to
project ipsilaterally or contralaterally, ending at specific visual targets such as the LGN, that
receives major sensory input from the retina, or the superior colliculus where sensory signals are
processed to movement of the head and eyes (Kerschensteiner, D., & Guido, W., 2017). Each
retinal layer contains cellular information that transmits light into nerve signals from distinct
retinal circuits. Mechanisms that drive this information throughout the visual pathway is essential
(Erskine, L., & Herrera, E., 2014). Once information given off from the retina is processed through
the visual system, it turns light signals into the images we see (Purves, D., Augustine, G. J., &
Fitzpatrick, D., 2019).
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Figure 2: Projections of retinal ganglion cells originating from the optic nerve, moving down the
optic chiasm and terminating in the lateral geniculate nucleus of the thalamus (Purves, D.,
Augustine, G. J., & Fitzpatrick, D., 2019)

Connections between horizontal cells and amacrine cells
Within the cellular layers of retina, horizontal cells and amacrine cells are interconnecting neurons
which connect to regulate and receive synaptic input from surrounding cells. Both horizontal cells
and amacrine cells are tightly connected, allowing for major information processing within the
retina. Both groups of cells work laterally within the retina and perform “back to back” functions.
Photoreceptors transmit information to the horizontal cells that send signals to the surrounding
bipolar neurons. The bipolar neurons then send the information to the amacrine cells where the
inhibitory neurotransmitters glycine and GABA are released. Some amacrine cells become
6

displaced and move into the ganglion cell layer, however, only the axons of the bipolar cells reach
the optic nerve. Early studies to localize GABA receptors were performed and show that amacrine
and bipolar cells were GABA positive (Wässle, H., 1998). Horizontal cells and amacrine cells
have selective connections via electrical coupling in gap junctions, linking axons to other axons
respectively (Thoreson, W. B., Babai, N., & Bartoletti, T. M., 2008).

7

Aims

Specific Aim
A): The Characterization of GABAergic phenotype of horizontal cells in the mouse retina
In order to characterize the GABAergic phenotype of horizontal cells, the use of transgenic
technology alongside immunohistochemistry will allow for the understanding of differentiation of
normal synaptic connections and driving mechanisms for horizontal cells in the mammalian retina.
To further analyze the GABAergic phenotype of horizontal cells the use of various neuronal
markers will allow for the understanding of the mechanism and overall role of such cells. In
primates it has been seen that horizontal cells are immunoreactive to calcium binding proteins,
indicating a continuous release of glutamate by the photoreceptors, overall having a high calcium
ion buffering capacity. The use of calcium binding proteins, such as Calbindin, Calretinin and
Parvalbumin will establish the presence of horizontal cells because of their role in message
targeting and intracellular calcium buffering. The use of GABA transporters, such as GAT-1 and
GAT-3, will indicate the presence of GABA in the cells of interest. Additionally, we will perform
experimental procedures using the antibodies GAD65 and GAD67, enzymes that catalyze the
decarboxylation of glutamate to GABA, synthesizing GABA in different locations each. The use
of the VGAT antibody will establish evidence demonstrating the phenotype of horizontal cells
because it is a marker for GABAergic neurons, up-taking GABA into the synaptic vesicles during
neurotransmission.
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B) Localize specific RNA sequences of protein in cells of mouse retina through Fluorescence
In-Situ Hybridization (FISH)
Fluorescence In-Situ Hybridization (FISH) is a cytogenic technique that makes use of fluorescent
probes that are complementary to a known sequence. FISH probes are synthetic pieces of DNA
that couple with a fluorescent indicator, that way the chromosomes or genes that they bind to can
be directly visualized under a confocal microscope (Henegariu, O., 2001). In molecular
hybridization, a labeled DNA or RNA sequence is used as a probe to identify or quantify the
naturally occurring counterpart of the sequence in a biological sample (Lanfranco, M. F., Loane,
D., Mocchetti, I., Burns, M., & Villapol, S., 2017). In order to understand the mechanism that
drives these specific cells, we must perform FISH to localize specific RNA sequences of proteins
in the horizontal cells of the mouse retina.
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MATERIALS AND METHODS
Animal procedures – Transgenic animal lines B6.Cg-Tg(Slc321a-COP4*H134R/EYFP)8Gfng/JAbbreviated: VGAT-ChR2-EYFP and CB6-Tg(GAD67-EGFP)G42zjh/J-Abbreviated: GAD67EGFP were chosen in order to assess GABAergic phenotype. All experimental procedures were
done in accordance with institutional guidelines and IACUC approval under protocol # A-2014021.
Intracardiac Perfusion. A transgenic mouse expressing Channel Rhodopsin (ChR2)-EGFP,
EGFP under the GAD67 promoter is chosen, around 2 to 3 months of age. Each animal is weighed
to the nearest gram and isoflurane is administered. Once the animal is unresponsive, an intracardiac
perfusion is performed in order to preserve the tissue of interest. After making an incision in the
midline and the organs are exposed, the pericardial sac is grasped and a small incision in the left
ventricle is made. The right atrium is cut, and a needle is placed in the incision allowing for the
flow of 0.9% saline solution. Once the fluid that exits the right atrium is completely clear, the
pipette is then switched to a 4% Paraformaldehyde (PFA) solution in Phosphate Buffered Saline
(PBS). After perfusing for 15-20 minutes, the eyes are extracted and preserved in 1X PBS.
Hemisection. After removing the eyes from a 1X PBS solution the eyes are enucleated. Ocular
globes are cut along the ora serrata, the anterior part of the eyeball is removed, and remaining
vitreous humor separated from the retina. The retina is preserved in the optic cap, which is then
washed in 1X PBS for 10 minutes and transferred to a 2.0 mL tube. The optic caps are later
prepared for histology analysis.
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Histology. Once the retina is obtained, it is placed in 1X PBS for a total of 3 washes with 10
minutes each wash in order to remove excess PFA and allowing for the retina to be exposed. After
the washes are done, the tissue is then transferred to 10% sucrose solution for 1 hour, followed by
the placement of the tissue in 20% sucrose overnight and 30% sucrose overnight. The placement
in different percentages of sucrose solution prevents freezing of tissue damage to cells in the tissue
by acting as a cryoprotectant. Once the tissue is removed from the sucrose, it is then transferred to
a compound used for cryosectioning (Tissue-TEK), where it is left overnight. After the TissueTEK is completely solidified overnight, the tissue is sectioned on a Leica Biosystems: Leica
CM3050 S cryostat at 23°C at 16 µm. The sectioned tissue is placed on gelatin covered slides
prepared with gelatin and 0.1% chromium potassium sulfate (KCrS2O8) to prevent displacement
of tissue with a liquid.
Immunohistochemistry/Immunofluoresence. After sectioning of tissue an experiment is run by
the use of immunohistochemistry. The tissue is divided into two sections on the slide, blocking it
off with a liquid blocking PAP pen. The slides are placed in a humid environment to prevent
evaporation and 100 µl of Blocking solution is added to each section that contains the tissue. The
slides are incubated at room temperature for 30 minutes. In experiment 1, a cocktail preparation is
made with a 1:1000 dilution in 0.6 mL tubes with 100µL of blocking solution, prepared from the
secondary antibody solution containing 1 mL of NGS, 0.2 g of Bovine serum Albumin (BSA) and
PBS, adding 0.5µl of Triton X-100 per 1mL of secondary antibody solution to create the blocking
solution, and 0.1 µL of Calbindin. This cocktail is added to the first section of the tissue that comes
from a transgenic animal expressing Channel Rhodopsin (ChR2)-EYFP under the VIIAT
promoter. In experiment 2, a cocktail preparation is made with a 1:800 dilution in 0.6 mL tubes
with 100µL of blocking solution and 0.125µL of GAT-3 (GABA transporter type 3), added to the
11

second section of tissue of a transgenic animal p-VIIAT-ChR2-EYFP. In experiment 3, a cocktail
preparation is made with 100µL of blocking solution with 0.2µL of TH (Tyrosine Hydroxylase),
added to a section of tissue from a transgenic animal expressing EGFP under the GAD67 promoter.
Lastly, in experiment 4, a cocktail preparation is made for a double staining with 0.2µL of VGAT
antibody and 0.4µL of GAD65 in 100 µL of blocking solution, added to a section of tissue pGAD67-EGFP. Once added, the primary antibody solution is left on the slides overnight at room
temperature. After incubation, the tissue is washed with 1X PBS three times for 10 minutes each
wash. The secondary antibody for each experiment is prepared in the secondary antibody solution
in 2.0 mL tubes. For experiments 1, the secondary antibody used is 0.1µL of Cy3 anti-rabbit in
1000µL of secondary antibody solution, for experiment 2 the secondary antibody used is 0.1µL of
Cy3 anti-rabbit in 600µL of secondary antibody solution, and in experiment 3 the secondary
antibody used is 0.1µL of Cy3 anti-mouse in 600µL of secondary antibody solution. Lastly for
experiment 4, the secondary antibodies used are 0.2µl of Cy3 anti-rabbit, and 2µL of Alexa-647
in 2000µL of secondary antibody solution. Once the secondary antibody is added, the tissue is
incubated at room temperature for 2 hours. After the incubation period, the tissue is washed three
times, ten minutes per wash, with 1X PBS in order to remove any excess residue left on the slide.
After the washes are complete, 100µl of 1µg/mL DAPI diluted in 1 X PBS is added to each section
of all slides and is left on the slide for one minute. The tissue is then washed in MilliQ water for
10 minutes and left to dry. Once dry, a cover slip is placed on the slide and sealed, it is then stored
in -20º C room. Complete list of antibodies used are listed in Table 1 below.
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Table 1: Antibodies used for immunofluorescence staining.
1º Antibody

Species

Source/Catalog#

Dilution

2º Antibody

Dilution

Calbindin

Rabbit

Cell Signaling

1:1000

Cy3

1:5000

Cat. # 2173
GAT-3

Rabbit

Anti-Rb

Millipore

1:800

Cat. # AB1574
GAD65

Mouse

Millipore

Cy3

1:3000

Anti-Rb
1:300

ALX647

1:1000

1:500

Cy3

1:3000

Cat. # MAB351
TH

Mouse

Millipore
Cat. # MAB318

VGAT

Rabbit

Millipore

Anti-Ms
1:500

Cat. # AB5062P

Fluorescent In-Situ Hybridization.
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Cy3
Anti-Rb

1:5000

DNA Template Purification. In vitro transcription of DNA is done by the use of labeled probes.
PCR labeling uses a polymerase that incorporates DIG-dUTP or Fluorescein d-UTP while
amplifying a specific region of template DNA. The DNA template containing GlyT1 or GlyT2 is
purified by acrylamide gel electrophoresis and elution. Based on the pBluescript II KS +/-, the
MCS (Multiple cloning site) is flanked by T3 and T7 promoters, indicating that the T3 promoter
runs from the 5’ to 3’ direction, resulting in the “sense” coding sequence and the T7 promoter runs
from the 3’ to the 5’ direction, resulting in the “anti-sense” coding sequence. To begin the reaction,
the GlyT1 or GlyT2 DNA template is prepared consisting of approximately 600-1000 base pairs.
A total volume of 100µl of reaction is necessary in order to complete the reaction. Two Eppendorf
tubes are labeled and prepared with 10µl of Vent buffer, 1µl of dNTPs, 1µl of M13-20 forward
primer, 1µl of M13 reverse primer, 2 or 4µl of MgSO4, 84 or 82µl of sterile H2O, 1µl of the Vent
Enzyme, and 1µl of the prepared DNA template. Tubes are then placed in an Eppendorf
Mastercycler nexus PCR machine. The cycle is run at 94°C for 45 seconds, the annealing is done
at 50°C for 1 minute, and the extension step is done at 72°C for 2 minutes; this PCR cycle is
repeated 25 times. In order to observe the best possible DNA concentration to be used in an RNA
purification, DNA fragments must be separated according to their size through the gel
electrophoresis technique. A 1% agarose gel is prepared by using 30mL of TAE with 3g of agarose
and 3µl of EtBr. The ladder used is 1Kb and DNA samples are loaded onto the gel, run at 94V for
20 minutes. After viewing the gel and determining which sample is best, 40µl of DNA is then
precipitated; 4 µl of NaCH3COO at pH 5.2 and 200µl of 100% EtOH are added to the tube and is
incubated for 30 minutes at -20°C. After incubation, the tube is centrifuged for 10 minutes at 4,000
RPM, after which a pellet will form at the bottom of the tube and the supernatant is discarded.
Next the pellet is washed with 70% EtOH, mixing slowly; discard the liquid and repeat wash and
14

mix once more. The tube is centrifuged for 4 minutes at 4,000 RPM and the liquid is discarded
and any excess liquid is removed with a micropipette without disturbing the pellet, it is then left
to dry for a few minutes. After drying, 100µl of DEPC treated H2O is added. The DNA sample is
quantified on a Thermofisher Scientific NanoDrop One/One machine.

Figure 3: pBluescript II KS +/- chart indicates T3 and T7 Multiple Cloning Site used. Image
created with biorender.com
RNA Purification/Probe labeling. The target sequence is needed in order to synthesize specific
primers. DIG is coupled by dUTP through an alkali-labile ester bond. The labeled dUTP can be
incorporated by enzymatic nucleic acid synthesis using a DNA polymerase. RNA probes are to be
synthesized by RNA polymerase consensus sequences, such as T3 and T7. The T3 RNA coding
sequence is used in these experiments as a negative control, and the T7 RNA sequence is used as
15

the positive control. Two Eppendorf tubes are labeled with the respective reaction (T3 or T7). In
the tube labeled T3, 5µl of GlyT2 purified template DNA is added, alongside 2µl of 10X DIG
Labeling mix, 2µl of transcription inhibitor, 1µl of buffer, 9µl of RNase Free water, and 1µl of the
T3 polymerase. Respectively, in a different tube, the mix is made, only changing the polymerase
to T7 RNA polymerase. After mixing and centrifuging both tubes, they are incubated overnight at
37°C. After incubation, 1µl of RQ1 RNase-Free DNase is added to each tube and is incubated for
15 minutes at 37°C. After incubation, 2µl of Ethylenediaminetetraacetic acid (EDTA) at pH 8.0 is
added to each tube and centrifuged at 12,000 RPM for 15 minutes at 4°C. Once finished, add 1
volume of 70% ethanol to each tube and vortex. Using the QIAGEN RNA Purification Kit, transfer
700µl of each sample (T3 or T7) to a RNeasy column and collection tube, pipetting sample directly
in the middle of column and centrifuge at room temperature for 15 seconds. Discard flowthrough
and add remaining sample (300µl) to each column, centrifuge at room temperature for 15 seconds
and discard flowthrough. Add 700µl of Buffer RW1 (found in QIAGEN RNA Purification Kit) to
each column, centrifuge at room temperature for 15 seconds and discard flowthrough. Add 500µl
of Buffer RPE to each column, centrifuge at room temperature for 15 seconds and discard
flowthrough. Previous step is repeated; tubes are centrifuged at 8,000 RPM at room temperature
for 2 minutes. After centrifuging, each RNeasy column is placed in a new 1.5mL Eppendorf tube
and 30-50µl of RNase-Free water is added to each tube and centrifuged at 8,000 RPM at room
temperature for 1 minute. Columns are then removed from tubes and discarded. Once ready, each
sample is quantified on a Thermofisher Scientific NanoDrop One/One machine and is placed in a
-20°C freezer for further use.
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Table 2: Products and amounts used for RNA purification and RNA probe labeling
Product

Source/Catalog #

RNA Labeling Mix,

Roche Diagnostics

10X conc.

Lot: 17109821

RNaseOUT Recombinant

Invitrogen

Ribonuclease Inhibitor
Lot: 1926082
Transcription Buffer

Roche Diagnostics

10X conc.

Lot: 21389000

RNase Free Water

QIAGEN
Lot: 135249544

T3 RNA Polymerase

Roche Diagnostics
Lot: 16072222

T7 RNA Polymerase

Roche Diagnostics
Lot: 19011720

RQ1 RNase-Free

Promega

DNase

Lot: 25308612
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Buffer RW1

QIAGEN

Buffer RPE

Cat. No./ID: 74104

RNA Dot Blot. After quantifying RNA samples (T3, T7, Retina RNA), each sample is diluted in
RNase Free Water at final concentrations of 2.5/0.25/0/025/0.0025 µg/µl. All diluted RNA
samples are placed in a heat block at 95°C for 3 minutes in order to disrupt the formation of RNA
secondary structures. After, tubes are immediately placed on ice to prevent the reformation of its
secondary structures. A piece of positively charged nylon is cut to an appropriate size and
membrane is very lightly marked with a pencil in order to guide sample loading. The membrane
is then transferred to a plastic petri dish. RNA samples are placed in a test tube rack and 2µl of
each RNA sample is carefully loaded onto the membrane, avoiding touching the membrane with
the pipette tip, allowing sample to diffuse onto the membrane. After loading all samples, the petri
dish is placed in an SG Linker chamber, crosslinking the RNA to the membrane with UV light at
125mJoule/cm2 at 254nM for 10 minutes. The membrane is then washed with 10mL of TBST (1X
TBS, 0.1% Tween 20) for 5 minutes at room temperature on a shaker with a gentle cycle. The
membrane is then incubated in 10 mL blocking buffer for 1 hour at room temperature with gentle
shaking for even distribution throughout membrane. After incubation, the membrane is incubated
overnight at 4°C being gently shaken with a primary antibody at a 1:5000 dilution in blocking
buffer. Once incubation is complete, the solution is discarded and the membrane is flipped having
RNA side facing up, washing the membrane 3 times for 10 minutes each wash with 10mL of TBST
with gentle shaking. After washing the membrane, the membrane is then flipped with RNA side
facing down and is incubated with a secondary antibody at a 1:10,000 dilution in blocking buffer
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for 1 hour at room temperature. Following incubation, membrane is flipped with RNA side up and
is washed 4 times with 10mL of TBST for 10 minutes each wash. The solution is discarded, and
ECL substrate is added to the membrane and incubated for 5 minutes. The membrane is then
analyzed on an iBright FL1500 Imaging system.
Fluorescent In Situ Hybridization on Cells. PAE cells and GlyT1 cells are grown on round
coverslips at 3.5cm2 of cell surface and prepared for control FISH experiment for RNA probe
analysis. PAE cells are unable to express the Glycine Transporter, therefore, these cells are used
as a negative control for the following experiments to determine the strength of the probe signal.
GlyT1 cells are used as a positive control to determine probe signal specificity. After cells are
grown on glass coverslips, they are fixed with 700µl of 4%PFA for 20 minutes at room temperature
in each well, completely covering the surface of the coverslip. The cells are then washed with 1X
PBS 3 times for 5 minutes each wash at RT to remove any excess PFA. In order to permeabilize
the cells, 700µl of 0.2% Triton X-100/PBS is added while maintaining the12- well plate on ice for
5 minutes. Cells are then washed 3 times with 1X PBS for 5 minutes each wash, followed by one
wash with 2XSSC for 5 minutes at RT. A solution with 0.5µl of pre heated salmon sperm with
250µl of prehybridization solution is prepared. On a piece of parafilm, 50µl of the prepared
solution is added and coverslips are placed face down, having the cells on the solution. The
coverslips are placed in a wet glass chamber sealed with parafilm as to not dry out the solution,
and the chambers are placed in an oven at 62°C for 1 hour. After incubation, a solution with
hybridization solution and preheated probes, labeled T3 and T7 is made. Depending on the
concentration of the probe given during quantification, the amount of probe in hybridization
solution is calculated. Once solution is made, 50µl is placed on a piece of parafilm for each
corresponding coverslip and placed in a wet chamber sealed with parafilm and the chambers are
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placed in an oven at 68°C for 2 hours. After hybridization, coverslips are removed from the
parafilm and placed in a new 12-well plate with 700µl of 2X SSC three times, washed for 5 minutes
each wash at 37°C. Next, 700µl of 1X SSC are placed on coverslips to wash once for 10 minutes.
After washing cells, a solution is prepared with blocking solution and a 1:500 concentrated antiDIG-HRP antibody solution in order to complete a TSA reaction. In a piece of parafilm, 50µl of
solution is added and corresponding coverslips are placed face down in a wet chamber sealed with
parafilm and placed in an oven at 37°C for 1 hour. After incubation, coverslips are placed in a 12well plate and washed 3 times with 700µl of TNT (TS 7.5, 0.05% Tween20) for 5 minutes each
wash. Coverslips are washed once more with 1mL of TS 8.0 (0.1M Tris, pH 8.0, 0.10M NaCl,
10mM MgCl) for 10 minutes. In order to complete the amplification process, an amplification
reagent solution is prepared at a 1:50 dilution containing 49µl of diluent buffer, 1µl of
amplification DNP and 250µl of TS 8.0. In a piece of parafilm, 50µl of amplification reagent is
added and corresponding coverslips are placed face down in a wet chamber, incubated at 37°C in
oven for 30 minutes. After amplification, coverslips are placed in a 12-well plate and washed 3
times with 700µl of TNT for 5 minutes each wash. Once washes are complete, coverslips are
incubated for 2 hours at room temperature with a 1:500 concentration of DNP-ALEXXA-488
diluted in blocking buffer. After incubation, coverslips are placed in a 12-well plate and washed
with 700µl of TS 8.0 for 5 minutes. Alternatively, the use of an anti-DIG alkaline phosphatase for
HNPP/Fast Red can be used without an amplification reagent, diluted in detection buffer. Filtered
HNPP/Fast Red TR Mix is added to coverslips and incubated for 30 minutes at room temperature.
The HNPP/Fast Red TR Mix signal tends to diffuse, therefore, coverslips are washed with washing
buffer for DIG, 3 times for 3 minutes each wash. Coverslips are washed 2 times with 1X PBS for
3 minutes each wash. After washes are done, coverslips are incubated with 50µl of DAPI at a 1:10k
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dilution for 3 minutes. Lastly, coverslips are washed 2 times with 1X PBS for 1 minute each wash.
Each coverslip is dried on a KIM wipe and mounted on a slide with mowiol as mounting media,
sealed and stored in a 4°C chamber. Slides are later analyzed on a confocal microscope.

Figure 4: FISH with signal amplification as TSA reaction done after hybridization by the use of
HRP-conjugated anti-hapten antibody with another hapten such as DNP. Image created with
biorender.com

Microscopy. To analyze the results of the immunofluorescence and fluorescence InSitu
hybridization experiments performed, fluorescence microscopy is used to irradiate the tissue at
specific band of wavelengths. Confocal microscopy images are obtained at various objectives,
focusing on higher magnifications to observe a set of cells in the retina. Fluorescence images were
acquired with a Zeiss LS 700 driven by Zen 2009 software confocal microscope with a 40X and
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63X oil immersion objective. Each image taken at high magnifications are projected in single
planes and observed separately in order to identify the cells of interest.
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RESULTS
Preliminary results indicate clear labeling of amacrine and horizontal cells by the use of a
transgenic line expressing Channel Rhodopsin (ChR2)-EYFP under the VIAAT promoter when
stained with Calbindin, a calcium binding protein which is specific to horizontal cells in the retina
shown in Figure 5. This indicates the specificity of horizontal cells having a GABAergic
phenotype, by the use of transgenic technology. To further indicate the GABAergic phenotype of
horizontal cells, a GABA transporter, a sodium symporter responsible for the regulation of
extracellular GABA concentration, was used as shown in Figure 6, placing a specific horizontal
cell co-expressing GAT-3 with the transgenic animal p-GAD67-EGFP. GABA transporters can
also be present in the plasma membrane of some neurons and glia therefore, it acts as a receptor
allowing for the recycling of GABA in the extracellular space. For this reason, it is seen that the
cell pointed with an arrow in Figure 6 has a GABAergic phenotype. In order to assess the
phenotype of the horizontal cells even further, a double staining was performed. A green
fluorescent protein (GFP) expression driven by the GAD67 promoter in a subset of adult horizontal
cells in a transgenic mouse line was used alongside the VGAT antibody and the GAD65 antibody.
As seen previously, the transgenic animal expressing (ChR2)-EYFP under the VIAAT promoter
shows clear labeling of GABAergic horizontal cells, therefore, we wanted to analyze if the
antibody would corroborate the previous results. The anti-vesicular GABA transporter functions
in the re-uptake of GABA from the cytosol into synaptic vesicles and is used as a marker of
presynaptic GABAergic neurons. By the use of VGAT and GAD65 antibodies, we can characterize
the phenotype of the horizontal cells. In Figure 7, GAD65 was detected through
immunofluorescence allowing for the detection of a few horizontal cells co-expressing with VGAT
but indicates it is devoid of GAD67. Both GAD67 and GAD65 have a ubiquitous presence of
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GABA, however GAD65 synthesizes GABA for neurotransmission. These results indicate that
GAD65 is dominant in the visual system, more specifically, is present in GABAergic horizontal
cells in the mouse retina.
In order to further understand the type of specific markers found within cells in the retina, a series
of fluorescent in situ hybridization experiments were performed. Fragments of coding regions for
the GlyT1 and GlyT2 were cloned into pBluescript to perform in-vitro transcription, using the
bacteriophage T7 and T3 promoters. The labeled synthetic RNA was tested in cell lines PAE and
GlyT1 as controls to determine the specificity of probes created. Results shown in Figure 11 and
Figure 12 indicate no expression in the PAE cell line when hybridized with the DIG labeled T3
and T7 probes and TSA reaction done with DNP-ALX488. The PAE cell line is used as a negative
control, therefore such cells should not show any type of expression or signal, consistent with
shown results. After observing the results with the negative control, the GlyT1 cell line was used
as a positive control. In Figure 13, the GlyT1 cell line was hybridized with the DIG-labeled T3
probe with the TSA done with DNP-ALX488, and as expected with the sense coding sequence
probe, there is no signal seen. Furthermore, a FISH experiment was performed on the GlyT1 cell
line hybridized with the DIG labeled T7 probe with an amplification reaction with DNP-ALX488.
Interestingly, a clear strong signal is seen in various cells and are pointed out with an arrow in the
merged image of Figure 14. After observing the positive results, an experiment was performed
using a combination of FISH and immunofluorescence on the GlyT1 cell line. As shown in Figure
15, the cells were hybridized with DIG labeled T7 probe with TSA reaction performed using DNPALX488 and stained with the GlyT1 antibody labeled by Cy3. The merged image shows clear
signal in one cell indicated by the arrow. After testing the probes on cells, the retina tissue was
used. To ultimately localize the mRNA sequences in the mouse retina, a WT animal line was used
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as a control. Sections of retina were hybridized with the DIG labeled T3 probe and the TSA
reaction was done with DNP-ALX488. In Figure 16, results are similar to those in both PAE and
GlyT1 cell lines, where no signal is present in any layers of the retina. Following previous results,
a WT animal section was hybridized using the DIG labeled T7 probe with a TSA reaction using
DNP-ALX488. As indicated in Figure 17, there is some signal seen in cells within the amacrine
cell layer, however, because the signal is not too specific, undergoing work will allow for a better
more specific signal.
Another point of interest in this project is to assess the dopaminergic characteristics in the retina
of adult mice. Dopamine is a neurotransmitter that modulates the function of neural circuits that
support cognition, motor function and vision. Essentially, dopamine is an important
neurotransmitter, which functions in neural signaling, those of which are seen throughout the CNS.
Dopamine has been known to be released by amacrine cells, ultimately activating its receptors: D1
and D2, specifically distributed throughout the retina (Hirasawa, H., Betensky, R. A., & Raviola,
E., 2012). Previous studies have shown that such Dopamine receptors are seen at high
concentrations in certain areas of the brain, and are essential in the regulation of motor activity,
however, there is signaling through different protein interactions that activate different effectors
suggesting a synergistic effect between D1 and D2 receptors (Daly, J. M., & Salloway, S.). In
order to understand the mechanism of action of D1 and D2, the dopaminergic characteristics of
cells in the mammalian retina is being studied. By the use of neuronal markers as well as transgenic
technology, experimental procedures were performed. The transgenic line expressing EGFP under
the GAD67 promoter was used in an immunohistochemical staining with TH in order to visualize
the role of dopamine in the retina. TH is a rate limiting enzyme that catalyzes the hydroxylation of
tyrosine to DOPA. In this project, TH is used as a dopaminergic neuronal marker to characterize
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if there is co-expression between GFP and TH. Results show, in Figure 8 that GFP expressing cells
through the use of a GAD67-EGFP transgenic adult mouse, did not indicate the presence of
dopamine by the use of a dopaminergic neuron marker: TH. This indicates that dopamine is devoid
in the amacrine cell layer of the mammalian retina. To corroborate previous findings an experiment
was performed using a transgenic animal expressing TD-Tomato under the Dopamine Receptor 1
promoter and stained with TH. In Figure 9, one single dopaminergic cell is present in the amacrine
cell layer, however, as previous results indicated, the dopaminergic cell is not GABAergic in
character because there is no co-expression seen between DrD1 and TH. To once again confirm
findings from previous experiments, an experiment was performed using a transgenic animal
expressing channel rhodopsin EYFP under the VIAAT promoter because this transgenic animal is
used for fluorescent labeling of GABAergic interneuronal populations, stained with TH. Results
seen in Figure 10 shows that TH is separate from all other cells, indicating that dopaminergic cells
are neither GABAergic nor Glycinergic.
Below are the figures of each experiment performed, showing different channels individually and
the merged images of each (indicating cells of interest).

Figure 5: Transgenic line expressing Channel Rhodopsin (ChR2)-EYFP under VIAAT promoter
stained with antibody Calbindin (C26D12).
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Figure 6: Fluorescence micrograph of section expressing Channel Rhodopsin (ChR2)-EYFP
under VIAAT promoter stained with GAT-3 antibody in adult mouse retina.

p-GAD67-EGFP

VGAT

GAD65

DAPI

MERGE

Figure 7: Immunostaining of section from the transgenic line expressing EGFP under GAD67 (pGAD67-EGFP) promoter stained with antibodies VGAT and GAD67

Figure 8: Immunostaining on section of transgenic animal line expressing EGFP under GAD67
(p-GAD67-EGFP) promoter stained with TH.
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Figure 9: Immunostaining on section of transgenic animal expressing TD-Tomato under the
Dopamine Receptor 1 stained with TH.

Figure 10: Transgenic line expressing Channel Rhodopsin (ChR2)-EYFP under the VIAAT
promoter stained with TH.
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Figure 11: Fluorescent InSitu Hybridization staining on PAE cell line, hybridized with DIG
labeled T3 probe, used as a negative control; TSA reaction done with DNP-ALX488

Figure 12: Fluorescent InSitu Hybridization staining on PAE cell line used as a control,
expressing no transporter, hybridized with DIG labeled T7 probe; TSA reaction done with DNPALX488.
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Figure 13: Fluorescent InSitu Hybridization staining on GlyT1 cell line, used as a positive
control hybridized with DIG labeled T3 probe. Amplification reaction done with DNPALX488.

Figure 14: Fluorescent InSitu Hybridization staining on GlyT1 cell line, used as a positive control,
hybridized with DIG labeled T7 probe. Amplification reaction stained with DNP-ALX488.

DNP-ALX488

DAPI

Cy3

MERGE

Figure 15: Fluorescent InSitu Hybridization and immunofluorescence staining on cell line
expressing GlyT1, hybridized with DIG labeled T7 probe; TSA reaction done with DNP-ALX488
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Figure 16: Fluorescent InSitu Hybridization staining on WT mouse hybridized with DIG
labeled T3 probe; TSA reaction done with DNP-ALX488

Figure 17: Fluorescent InSitu Hybridization staining on WT mouse hybridized with DIG
labeled T7 probe; TSA reaction done with DNP-ALX488
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DISCUSSION
The mammalian retina contains horizontal cells, which have been known to be involved in the
transfer of information between BPs and PRs (Deniz, S., 2010). Although the mechanism that
drives this system is not fully known yet, it has been hypothesized that retinal synapsis involves
GABA and are driven by transporter-mediated release from horizontal cells. Previous studies have
shown that if GABA is present in the horizontal cell layer, it seems that the concentration of GABA
is far less in this layer than in other cell layers. Other studies indicate the presence of GABA,
specifically during development, however it is lost during adulthood in rats and mice (Hirano, A.
A., Liu, X., Boulter, J., Grove, J., Müller, L. P. D. S., Barnes, S., & Brecha, N. C., 2016). The
specific inhibitory repertoire and functional contribution to precise output information of the
horizontal cellular retina is not fully elucidated. Due to this, we focus on providing additional
evidence on the horizontal cell GABAergic phenotype. Preliminary results indicate the presence
of GABA in the retina of adult mice on the horizontal cell layer. These findings could indicate that
horizontal cells in the mammalian retina could synthesize GABA and make use of it as a
neurotransmitter. Further analysis will provide additional evidence to reinforce preliminary results
presented.
Dopamine is an important neurotransmitter in the retina, mediating visual signaling. Dopamine is
known to be a neuromodulator in specific cells in the amacrine cell layer (Dowling, J. E., &
Boycott, B. B., 1965, January). Although dopamine performs diverse roles in the retina, its
function is limited. Previous studies have shown that, through the use of transgenic technology
and specific dopamine cellular markers, dopamine is present in the amacrine cell layer, co-labeling
with various dopaminergic neuron markers (Hirasawa, H., Betensky, R. A., & Raviola, E., 2012).
Some studies focus on the role dopamine plays in light adaptation in the retina (Hirasawa, H.,
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Puopolo, M., & Raviola, E., 2009). In this project, we would like to further characterize the effect
of dopamine in the retina by examining various dopamine neuronal markers alongside dopamine
receptors with the use of transgenic technology. In order to investigate the impact of dopamine in
the mammalian retina, experimental analysis of transgenic retinal slices have been performed.
Results indicate that dopaminergic cells are not GABAergic because there is no co-expression
between GFP in a transgenic animal p-GAD67-EGFP when stained with TH. Various mechanisms
are involved in the retinal network, and these studies will provide insight as to the dopaminergic
processes and interactions in the retina.
By performing Fluorescent InSitu Hybridization experiments, we are able to observe that
preliminary findings show the presence of GlyT1 mRNA sequences in cells. Continued
experiments on retina tissue to localize mRNA sequences coding for specific proteins in the mouse
retina will allow for a better understanding of the function of horizontal cells in the mammalian
retina.
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